1. Introduction {#s0005}
===============

Peroxisomal biogenesis disorders (PBD) are caused by mutations in the *PEX* genes and are divided into two distinct syndromes, Zellweger syndrome spectrum (PBD-ZSS) and rhizomelic chondodysplasia puctata spectrum (PBD-RCDP). With the exception of *PEX7*, mutations in *PEX* genes result in generalized peroxisomal dysfunction and the PBD-ZSS phenotype [@bb0005]. Peroxisomes play a fundamental role in many biochemical pathways including very long chain fatty acid (VLCFA) metabolism and plasmalogen synthesis. Patients with PBD-ZSS exhibit altered plasma levels of these molecules [@bb0010].

Peroxisomal dysfunction leads to multisystem disease, including neurological symptoms. Severe cases can have refractory epilepsy, neuronal migration disorders, and leukodystrophy [@bb0005]. Mild cases can include sensorineural hearing loss, retinal abnormalities, leukodystrophy, and developmental and cognitive delay [@bb0005]. While severe cases present in the neonatal period and result in death before one year of age, patients with mild disease present after newborn period and can live into adulthood [@bb0005].

Pathogenic variants in *PEX1* are the most common cause of PBD-ZSS and are found in almost 60% of affected individuals [@bb0015], [@bb0020]. The most common European disease-causing allele of PEX1 is p.G843D [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050], and the high frequency of this variant is likely due to a founder effect [@bb0055]. Generally, patients homozygous for p.G843D have milder phenotypes compared to patients with *PEX1* truncation mutations, insertions, deletions, and other *PEX1* pathogenic variants [@bb0045], [@bb0060]. Additionally, patients homozygous for p.G843D had residual PEX1 protein levels on fibroblast culture. In contrast, patients with other pathologic variants presented with more severe phenotypes and lacked any PEX1 protein on fibroblast culture [@bb0040]. However, disease severity varies between patients homozygous for p.G843D [@bb0065], including neurologic findings [@bb0070], making it difficult to predict outcomes solely from genotype.

PBD-ZSS are typically diagnosed through detection of elevated VLCFA in plasma and confirmed by genetic analysis or biochemical analysis of fibroblast culture [@bb0005]. Diagnosis of patients with mild or atypical PBD-ZSS can be challenging [@bb0075], [@bb0080], [@bb0085]. Recently neonatal screening for X-linked adrenoleukodystrophy has become available. This screening also identifies PBD-ZSS and may be useful in early diagnosis of patients with mild PBD-ZSS with elevated lyso-PCs who are asymptomatic at birth [@bb0090], [@bb0095].

Here we report an atypical path to diagnosis of a child homozygous for PEX1 p.G843D in a particularly mild patient. After genetic testing for Usher syndrome was negative, he was found to have PBD-ZSS through a next generation sequencing (NGS) research protocol for retinal dystrophy. With NGS, the spectrum of PBD-ZSS phenotypes is expanding as are the diagnostic paths [@bb0075], [@bb0080], [@bb0085]. This case draws attention to the unusual diagnostic journey of a patient with a very mild PBD-ZSS.

2. Materials and methods {#s0010}
========================

2.1. Ethics statement {#s0015}
---------------------

Informed consent for research and publication was obtained prior to participation for the subject who was recruited under the Institutional Review Board approved Biochemical Correlates of Peroxisomal Biogenesis Defects Study (H-32837) at Baylor College of Medicine.

2.2. Electroretinograms and optical coherence tomography {#s0020}
--------------------------------------------------------

Full-field electroretinograms were obtained at 19 months from dilated eyes according to International Society for Clinical Electrophysiology of Vision standards [@bb0100] (LKC Technologies, Inc.). Frequency-domain optical coherence tomography (Spectralis; Heidelberg Engineering, Heidelberg, Germany) retinal scans were obtained at 6 years of age from the horizontal midline of dilated eyes.

2.3. DNA library preparation and next generation sequencing {#s0025}
-----------------------------------------------------------

Approximately 1 μg of genomic DNA was sheared into 200-500 bp fragments which were blunt-end repaired. A single adenine base was added using Klenow exonuclease. Illumina adapters were ligated to the repaired ends. DNA fragments were polymerase chain reaction (PCR) amplified for 8 cycles after ligation. The targeted DNA was captured with a customized gene panel [@bb0105] for sequencing to screen for variants in known retinal disease causing genes.

2.4. Bioinformatics analysis {#s0030}
----------------------------

Paired-end sequencing reads were obtained for each sample and mapped to human reference genome hg19 using Burrows--Wheeler aligner [@bb0110]. Base-quality recalibration, local realignment, and variant calling were performed as previously described [@bb0115]. In screening for Mendelian disorders, variants with a frequency \> 1/200 in a series of public and internal databases [@bb0120] were filtered out. After frequency-based filtering, synonymous variants were filtered out, and a known retinal disease-causing variant was identified.

2.5. Sanger sequencing {#s0035}
----------------------

A repeat patient DNA sample and additional samples from both unaffected parents were obtained. A 500 bp flanking sequence covering the candidate variant was obtained from the UCSC genome browser (hg19 assembly). Primer 3 [@bb0125] was used to design primers for PCR. The PCR amplicons were sequenced on an Applied Biosystems 3500xL Genetic Analyzer.

2.6. Peroxisomal biochemical studies {#s0040}
------------------------------------

Plasma VLCFA at 6 years of age were measured by the Peroxisomal Disease Lab at the Kennedy Krieger Institute using capillary gas chromatography/mass spectrometry of pentafluorobenzyl bromide fatty acid esters as described [@bb0130], [@bb0135].

C26:0 lysoPC content was measured in a whole venous blood spot obtained at age eight by LC-MS/MS as described [@bb0090].

3. Results {#s0045}
==========

3.1. Case report {#s0050}
----------------

The patient ([Fig. 1](#f0005){ref-type="fig"}A) was born at 39 weeks gestation to unrelated parents with no prior pregnancies. He attended physical and occupational therapy from 7 to 15 months for low muscle tone but adequately met both language and motor developmental milestones. He was noted to have dysphagia and used a milk thickener until age two. Growth percentile at 0, 2, 9, 12, and 15 months were as follows: length (25%, 85%, 55%, 75%, 75%), weight (63%, 25%, 20%, 37%, 45%), head circumference (10%, 10%, 8%, 7%, 10%). At 19 months, he presented for evaluation of progressive sensorineural hearing loss. An eye exam revealed pigmentary retinopathy and optic nerve hypoplasia. Visual acuity at the age of 18.8 months was 20/90 (OD) and 20/105 (OS). MRI brain revealed no abnormalities. Subsequent to receiving the molecular diagnosis, he was started on Cholic Acid for a mild transaminitis.

3.2. Ophthalmologic evaluation {#s0055}
------------------------------

The patient was evaluated through full-field electroretinogram (ERG) and optical coherence tomography (OCT). ERG responses showed non-detectable rod components and no reliable cone responses. OCT showed cystoid macular edema and absence of the photoreceptor layer in the macula in both eyes ([Fig. 1](#f0005){ref-type="fig"}B--G).

3.3. Genetic findings {#s0060}
---------------------

Based on clinical features ([Fig. 1](#f0005){ref-type="fig"}H), Usher syndrome was suspected. However DNA testing for Usher syndrome and hearing loss (OtoGenome™) was negative. Surprisingly, through a research panel of known retinal disease causing genes [@bb0105], he was found to have a homozygous known pathogenic variant p.G843D in PEX1 (chr7:92130876C \> T \[hg19\]: NM_000466.2:c. G2528A:p.G843D)*.*

3.4. Biochemical analysis {#s0065}
-------------------------

Subsequent to the molecular diagnosis, biochemical testing for VLCFA and plasmalogens was performed. Biochemical testing showed C22:0 12.58 μg/ml (upper limit of normal range (ULN) 33.51 μg/ml), C24:0 14.09 μg/ml (ULN 28.31 μg/ml), C26:0 0.480 μg/ml (ULN 0.41 μg/ml), C24/22 1.120 (ULN 1.04), C26/22 ratio 0.038 (ULN 0.018), C16:DMA/C16:0 fatty acid 0.108 (normal range 0.079--0.128), and C18:DMA/C18:0 fatty acid 0.226 (normal range 0.199--0.284). C22:0 is reported for the purpose of C24/22 and C26/22 ratio calculation. In summary, the VLCFA show slight abnormalities in C26:0, C24/C22, and C26/C22 ([Fig. 1](#f0005){ref-type="fig"}I, red bold values) but milder than those in typically seen in PBD-ZSS.

The C26:0-lyso-PC level measured using methodology currently employed for X-ALD neonatal screens was just below the PBD-ZSS range at 1.04 pmole per 1/8th inch spot (normal range 0.06--0.51; PBD-ZSS range 1.1--11.0).

Liver function tests were performed after the molecular diagnosis. Aspartate transaminase (AST) was elevated at 55, 55, and 62 U/L at 6, 7, and 8 years of age respectively (normal 12--32 U/L). Similarly alanine transaminase (ALT) was elevated at 42, 32, and 47 at 6, 7, and 8 years of age respectively (normal 12--32 U/L). Total bilirubin, direct bilirubin, alkaline phosphatase, albumin, and total protein were normal at 7 and 8 years of age. Total bile acids were normal at the age at 7 years of age.

4. Discussion {#s0070}
=============

In this report, a patient with apparently isolated hearing and visual loss was found to be homozygous for the PEX1 p.G843D allele. The patient\'s clinical phenotype was sensorineural hearing loss with pigmentary retinopathy, mildly decreased muscle tone, and small head circumference in an otherwise healthy and cognitively normal child. Based on the sensorineural hearing loss, retinal changes, and normal cognition, Usher syndrome was suspected, and both diagnostic and subsequent research genetic testing for retinal dystrophy genes were undertaken. It was therefore surprising to identify PBD as the cause of this patient\'s phenotype. While there is significant overlap between Usher and PBD-ZSS [@bb0140], the patient\'s diagnostic path was unusual.

Typically, the primary step in making PBD-ZSS diagnosis is measuring serum VLCFA [@bb0145]. However, the first diagnostic step of this case was sequencing. Although the diagnostic path was atypical, our patient\'s retinal phenotype is consistent with a mild PBD-ZSS. The decreased visual acuity, absent ERG responses, and pigmentary retinopathy we observed are consistent with PBD-ZSS [@bb0150], [@bb0155], including the PEX1 p.G843D allele. However our patient had cystoid edema in contrast to foveal thinning previously observed in the patient homozygous for the PEX1 p.G843D allele [@bb0060], although cystoid edema has previously been reported in PBD-ZSS patients [@bb0160].

The biochemical analysis showed the patient\'s C26:0, C24/22 ratio, and C26/22 ratio were elevated compared to normal controls but not within the range of control PBD-ZSS patients. These mild biochemical findings are consistent with a mild PBD-ZSS, as VLCFA levels correlate with severity of phenotype [@bb0040], [@bb0130]. C26:0 Lyso-PC almost fell into the range for PBD-ZSS samples but was outside of normal control range.

Although PBD-ZSS are typically diagnosed first by detecting biochemical abnormalities, NGS is useful in identifying specific PBD-ZSS patients with very mild [@bb0085] and atypical phenotypes with mildly elevated or normal VLCFAs [@bb0165], [@bb0170], [@bb0175]. Additionally, NGS has confirmed the PBD-ZSS diagnosis in patients initially diagnosed with other retinal disorders such as Leber congenital amaurosis [@bb0080]. Therefore, NGS has allowed a wider range of PBD-ZSS phenotypes to be diagnosed.

While NGS and biochemical testing are prompted by clinical findings, neonatal screening could provide early diagnosis prior symptom onset in mild PBD-ZSS\'s [@bb0090]. Early diagnosis would allow for close surveillance of systems affected by PBD-ZSS [@bb0075], [@bb0145]. Our patient\'s C26:0-lyso-PC level on blood spot at eight years of age was outside of normal range and may have prompted further testing if this result was obtained on a neonatal screen. Although his value as a newborn is not known, it seems possible that neonatal screening could have led to an early diagnosis for this mild PBD-ZSS patient.

This case is an example of the importance of genetic testing in the diagnosis of very mild PBD-ZSS and further emphasizes the need to consider mild PBD-ZSS when evaluating a patient with retinopathy and hearing loss regardless of cognitive function.
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![A. The patient at 8 years of age. B--G. Optical coherence tomography shows cystoid macular edema and absence of photoreceptor layer compared to age matched controls. H. The patient\'s clinical characteristics compared to mild and severe peroxisome biogenesis disorder Zellweger spectrum (PBD-ZSS) phenotypes and Usher syndrome. I. Red bold values indicate results outside of normal control range. For C22:0, C24:0, C26:0, C24/C22 ratio, and C26/C22 ratio, the patient\'s result is shown, and the mean ± standard deviation is shown for normal controls and PBD-ZSS. For C16:0DMA/C16:0 fatty acid and C18:0DMA/C18:0 fatty acid ratios, patient\'s mean is shown, and a range is shown for normal controls and PBS-ZSS. For C26:0 Lyso-PC, the patient\'s result is shown, and a range is shown for normal controls and PBD-ZSS. C26:0 Lyso-PC values are reported in pmole per 1/8th inch dried whole venous blood spot.](gr1){#f0005}
